Summary We investigated the association of postmenopausal vertebral deformities and fractures with bone parameters derived from distal extremities using MRI and pQCT. Distal extremity measures showed variable degrees of association with vertebral deformities and fractures, highlighting the systemic nature of postmenopausal bone loss. Introduction Prevalent vertebral deformities and fractures are known to predict incident further fractures. However, the association of distal extremity measures and vertebral deformities in postmenopausal women has not been fully established. Methods This study involved 98 postmenopausal women (age range 60-88 years, mean 70 years) with DXA BMD Tscores at either the hip or spine in the range of −1.5 to −3.5. Wedge, biconcavity, and crush deformities were computed on the basis of spine MRI. Vertebral fractures were assessed using Eastell's criterion. Distal tibia and radius stiffness was computed using MRI-based finite element analysis. BMD at the distal extremities were obtained using pQCT. Results Several distal extremity MRI and pQCT measures showed negative association with vertebral deformity on the basis of single parameter correlation (r up to 0.67) and twoparameter regression (r up to 0.76) models involving MRI stiffness and pQCT BMD. Subjects who had at least one prevalent vertebral fracture showed decreased MRI stiffness (up to 17.9 %) and pQCT density (up to 34.2 %) at the distal extremities compared to the non-fracture group. DXA lumbar spine BMD T-score was not associated with vertebral deformities. Conclusions The association between vertebral deformities and distal extremity measures supports the notion of postmenopausal osteoporosis as a systemic phenomenon.
Introduction
Vertebral fractures are among the most common outcomes of osteoporosis [1] . The prevalence of vertebral fractures is known to increase with age in both women and men (e.g., 50 % or more among women age 80 years or older) [2] [3] [4] . These fractures are associated with increased pain during dayto-day activities, reduced self-esteem, reduced mobility, and increased mortality [5, 6] . Prevalent vertebral fractures are known to predict incident vertebral [7] [8] [9] [10] and non-spine fractures [11] [12] [13] [14] independent of other fracture risk predictors such as BMD [15, 16] . The presence of both clinically overt (i.e., coming to clinical attention with the onset of pain) and clinically "silent" (i.e., asymptomatic) vertebral fractures (collectively termed morphometric fractures) can have substantial influence on the future fracture risk and associated morbidity [17] [18] [19] .
Most vertebral fractures are asymptomatic [3, 20, 21] , which are consequences of gradual changes in the vertebral shape. Vertebral deformities can be quantified by measuring the anterior, middle, and posterior heights of each vertebral body and classifying the type of deformity as wedge, biconcavity, or crush deformity [22, 23] . Quantitatively, a vertebral fracture can be defined by setting a threshold to the degree of vertebral deformity. Among older population, wedge, biconcavity, and crush deformity fractures account for about 50, 17, and 13 % of all prevalent factures, respectively, while about 20 % of fractures are of more complex nature [15] .
In clinical practice, lateral radiographic projections of the spine are used as the standard for confirming the presence of osteoporotic vertebral fractures [24] . Vertebral fracture assessment, a tool based on lateral 2D dual-energy X-ray absorptiometry (DXA) scans, has also been shown to identify prevalent vertebral fractures [25] . Magnetic resonance imaging (MRI, a general purpose imaging modality of wide diffusion throughout the world) of the spine has also shown potential for quantifying vertebral deformities in the entire spine [22] . None of these techniques, however, provides information on cortical and trabecular bone microstructure, a key component of bone quality underlying vertebral fractures [26] [27] [28] [29] [30] [31] . Mechanical assessment of the vertebral microstructure directly by imaging would therefore be highly desirable for noninvasive management of subjects with, or at risk for, vertebral fractures. This, unfortunately, is challenging in vivo due to signal-tonoise ratio limitations in MRI and radiation dose restrictions in X-ray-based techniques.
Distal extremities, on the other hand, do not have these imaging limitations. High-resolution MRI [32, 33] and highresolution peripheral computed tomography (HR-pQCT) [34, 35] are two emerging technologies that permit noninvasive acquisition of distal skeletal images at resolutions adequate to resolve bone's three-dimensional microstructure. However, the usefulness of distal extremity measures in predicting vertebral fracture status has not been fully established. A number of studies have examined the role of cortical [36, 37] and trabecular [22, 23, [38] [39] [40] bone microstructure at extremities in association with vertebral fractures. In the absence of highresolution imaging-based techniques to directly estimate the mechanical competence of the vertebrae in vivo, surrogate microstructural parameters obtained at distal sites using MRI [22, 23, 41] and HR-pQCT [34, 39, 42] have been shown to discriminate between fracture and non-fracture postmenopausal populations. Recently, Liu et al. [40] reported that bone microstructure and stiffness measured by HR-pQCT of the distal radius and tibia parallel stiffness of the lumbar spine in premenopausal women. However, it is unclear how these distal extremity measures are associated with different types of vertebral deformities.
Since a vertebral fracture is inherently a manifestation of mechanical failure, the mechanical competence of the cortical and trabecular microstructure plays a major role in determining the fracture risk. It would therefore be useful to understand if there is an association between vertebral deformity and mechanical competence quantifiable at distal skeletal sites using noninvasive imaging techniques.
The goal of this study was to investigate if wedge, biconcavity, and crush deformities and fractures are associated with MRI-derived mechanical and pQCT-derived density measures obtained from distal tibia and radius on the basis of single parameter and combined regression models.
Methods
This is a retrospective biomechanical analysis of imaging data from a previously completed study involving bone's microstructural measures in postmenopausal women with wide range of vertebral deformity. Full details of the subject characteristics and image acquisition protocols are given in [22] and pertinent details are summarized here. The institutional review board approved the study protocol. Written informed consent was obtained from all subjects.
Subjects
This study involved 98 postmenopausal women (age range 60-88 years, mean and median 70 years) with DXA BMD Tscores at either the hip or spine in the range of −1.5 to −3.5. Subjects with the following characteristics were not included in the study: medications affecting mineral homeostasis (bisphosphonates within the previous 24 months, calcitonin within the previous 6 months, and use of ≥20 mg/day glucocorticoids for >2 weeks during the previous 6 months), hyperparathyroidism, gastrointestinal disease resulting in malabsorption, current alcohol use (>3 drinks/day), illicit drug use, gastric bypass, and Paget's disease.
Spine MRI acquisition
Vertebral deformity analysis was performed on the basis of the previously acquired sagittal MR images of the thoracolumbar spine by means of a fast spin-echo sequence (TR/TE of 4000/ 13.6 ms, echo train length 8, bandwidth 31.25 kHz, NEX 2, field of view 40×30 cm, longer side along the inferior-superior direction, 0.78 mm×0.78 mm pixel size, and variable number of slices of 5-mm thickness to correct for errors caused by scoliosis and sagittal obliquity).
Vertebral deformity quantification
Using custom-designed software written in IDL (Exelis, Inc., Boulder, CO), the stack of sagittal spine images were displayed, the image transecting each vertebra in the midline was located, and the four corners and midpoints of the inferior and superior edges of the vertebra were manually marked (Fig. 1a) . Special precautions were taken in the measurement to avoid errors from osteophytes and depressions caused by endplate herniations (Schmorl's nodes). Anterior height (H a ), middle height (H m ), and posterior height (H p ) of each vertebra were computed by taking the Euclidian distance between landmark points. Three types of vertebral deformities were obtained by treating vertebral height ratios as continuous variables in the following manner:
3. Crush deformity (compression relative to two neighboring vertebrae)
The total wedge, biconcavity, and crush deformities were computed as the mean deformity of vertebrae in the T4-L5 region. The number of analyzable vertebrae varied among subjects because for a fixed FOV the number of visible vertebrae is a function of subject's height.
Definition of vertebral fracture
Eastell's criterion [43] was used to identify vertebral fractures corresponding to each type of deformity for each vertebra by using a fracture threshold of three standard deviations below the arithmetic mean deformity of the reference population. This approach avoids classifying of non-fracture deformities (e.g., due to degenerative remodeling and Scheuermann's kyphosis, etc.) as fracture by considering the "normal" asymmetry in vertebral height ratios in healthy subjects [44, 45] . The normal reference deformity values for postmenopausal women were obtained from the spine images by computing the mean deformity values of the cohort by making sure that any outliers resulting from measurement error or image artifacts are not included, as suggested by Melton et al. and Black et al. [3, 46] .
High-resolution MRI of distal radius and tibia
All high-resolution MRI scans had previously been obtained on a 1.5-T whole body clinical MRI scanner (Signa; General Electric, Milwaukee, WI, USA) using a 3D FLASE (fast large-angle spin-echo) pulse sequence with a flip angle of 140°, TR/TE 80/9.5 ms, bandwidth 7.81 kHz, field of view 7 cm×4 cm×1.3 cm (radius) or 7 cm×5 cm×1.3 cm (tibia), and voxel size 137 μm×137 μm×410 μm (third dimension along the inferior-superior direction) from 60 subjects. The acquisition time was~12 min for the radius and~16 min for the tibia.
Image processing
Distal tibia and radius stiffness values were derived from MRI data using the following steps (Fig. 1b) . The raw MRI data were corrected for translational shifts in the transverse plane resulting from involuntary subject motion during the scan using the navigator information collected during image acquisition [47] . Image intensity variations across the scan volume caused by spatially inhomogeneous sensitivity of the MR receive coil were corrected using a local thresholding algorithm [48] . Subsequently, an image volume corresponding to an 8-mm thick trans-axial slab was extracted from the 3D image dataset. The grayscale values of the images were linearly scaled to cover the range from 0 to 100 %, with pure marrow and pure bone having minimum and maximum values, respectively. We refer to the resulting 3D array as the bone-volume fraction map with individual voxel values representing the fraction of the voxel occupied by bone. Finally, three sets of 3D volumes, corresponding to cortical compartment, trabecular compartment, and total section were extracted by delineating the endosteal and periosteal boundaries on slice-by-slice basis and synchronizing across slices using a custom-designed operator-guided segmentation algorithm [49] . The coefficient of variation for the intra-operator reproducibility of mechanical parameters derived from segmented cortical and trabecular compartments was less than 3 %.
Finite-element model generation
Each voxel in the bone-volume fraction map was directly converted to a hexahedral finite element with dimensions equal to the voxel size [50] . Bone tissue was assumed to have an elastic modulus of 15 GPa and Poisson's ratio of 0.3 [51] . The elastic modulus assigned to each finite element was linearly scaled by the bone-volume fraction value of the corresponding voxel to account for partial volume effects in the limited spatial resolution regime of in vivo MRI. Three sets of finite element models corresponding to the cortical compartment, trabecular compartment, and total section were generated.
Bone stiffness computation
To estimate the axial stiffness of the cortical compartment, trabecular compartment, and total section encompassing the entire cross-section of the bone, compressive loading was simulated in the linear-elastic regime. A 1 % axial strain was applied to the proximal face of the finite element model while keeping the distal face constrained in the axial direction, assuming frictionless conditions along the transverse directions. The finite element nodes on lateral sides were not constrained, allowing 3 degrees of freedom. The finite element models were then solved by minimizing the total strain energy resulting in equilibrium displacements at each finite element node [52] . Axial stiffness was obtained as the ratio of the stress on the proximal face to the applied strain. 
Statistical analysis
The normality of the distributions of the parameters was tested with the Shapiro-Wilk test. For correlation testing of normally distributed parameters, Pearson's correlation coefficient was used. Otherwise, Spearman's correlation coefficient was computed. Fisher r-to-z transformation was used to assess significant differences between correlation coefficients. MRI stiffness and pQCT density derived from the distal sites were used in a two-parameter linear regression model as separate predictor variables to investigate the predictability of vertebral deformities when combining mechanical information provided by MRI-based finite element analysis and bone mineral density measured using pQCT. Normality of error distributions was tested. More conservative, adjusted r values were reported. To test if parameters derived from the distal sites were significantly different between the vertebral fracture and nona b Fig. 1 fracture groups, t tests were used if the distributions were normal; otherwise, Wilcoxon tests were used. All t tests were two-sided and considered statistically significant if the p value was below 0.05. All analyses were conducted with the statistical package JMP 9.0.0 (SAS Institute, Cary, NC, USA).
Results

Associations between distal extremity bone measures and vertebral deformities
Several MRI and pQCT measures derived from the two distal sites were negatively correlated with vertebral deformities for all significant associations, indicating that decreased bone stiffness and density are reflective of increased vertebral deformity (Fig. 2) . The strength of these associations varied across the types of measure, highlighting the complementary nature of information derived from MRI and pQCT. MRIbased distal tibia stiffness measures were associated with biconcavity and wedge vertebral deformities (r up to 0.67) but not with crush deformities. Distal radius stiffness, on the other hand, did not show significant associations with vertebral deformity measures, except for the moderate association between total radius stiffness and biconcavity deformity. All pQCT measures (except for tibia trabecular density) showed weak to moderate significant associations with at least one type of vertebral deformity.
Two-parameter regression model prediction of vertebral deformities
The combination of MRI stiffness with pQCT density obtained from the same distal skeletal region as independent variables in a two-parameter regression model showed significantly stronger association with vertebral deformity measures than did single parameter correlations, with adjusted r values up to 0.76 (Fig. 3) .
Identification of vertebral fracture from distal extremity measurements
Subjects who had at least one prevalent vertebral fracture showed decreased MRI stiffness (up to 17.9 %, p <0.0005) Fig. 2 Correlation coefficients for the association between vertebral deformities and parameters derived from the two distal sites using MRI and pQCT. Blue, green, and red represent the association for the crush, biconcavity, and wedge vertebral deformities, respectively. Significance of the associations is indicated by single (p <0.05) and double (p <0.005) asterisks and pQCT density (up to 34.2 %, p <0.0005) at the tibia and wrist compared to the non-fracture group (Fig. 4) .
Spine BMD T-score classification of vertebral deformity
When subjects were classified into normal, osteopenic, and osteoporotic groups based on spine BMD T-scores using WHO criteria, none of the vertebral deformity measures showed significant differences between the three groups ( Fig. 5) , highlighting the limitations of spine BMD T-score in assessing vertebral deformities.
Discussion
This study made use of imaging data obtained previously by Ladinsky et al. [22] from a cohort of postmenopausal women. The prior study investigated the association between the total vertebral deformity and MRI-based trabecular bone structural measures of topology and scale at two distal sites-the distal radius and tibia. The focus of the present study was to extend that work by testing if wedge, biconcavity, and crush vertebral deformities and fractures separately are associated with mechanical and density parameters derived from the two distal sites.
The data showed that vertebral deformities and prevalent morphometric vertebral fractures are associated with several MRI and pQCT measures derived from distal extremities. This observation is in agreement with the notion that postmenopausal osteoporosis is a systemic disorder affecting the entire skeleton. Cortical as well as trabecular measures derived from the distal extremities showed associations with vertebral deformities and fracture. These associations are not surprising because vertebral deformities are manifestations of mechanical impairment of the cortical and trabecular network. A recent study by Liu et al. also reported that trabecular bone measures derived from distal extremities using HR-pQCTbased finite element analysis discriminate postmenopausal women with and without prevalent vertebral fractures [53] .
Data further show that vertebral deformity was associated with MR-derived mechanical measures obtained from the distal tibia but not with the distal radius (except for the weak association between total stiffness and biconcavity deformity). This observation may be due to both vertebral column and tibia being load-bearing sites, thereby providing parallel mechanical stimulation [54] for maintaining bone strength. Furthermore, the distal tibia has a thinner cortex, thereby transmitting a greater fraction of load through the trabecular network (similar to vertebrae [55] ) than does the axially loaded radius. The fact that vertebral deformities are associated with radial BMD but not with stiffness suggests that the mechanical competence of non-load bearing sites (e.g., radius) does not necessarily reflect the mechanical consequences of load bearing sites (e.g., vertebral column).
Volumetric bone mineral densities derived from the same two distal sites also showed associations with vertebral deformities, further highlighting the systemic nature of postmenopausal bone loss. Interestingly, DXA spine BMD was not associated with any of the vertebral deformity measures, showing the inability of spine BMD to predict vertebral deformities. One possible explanation for the lack of association between vertebral deformity and BMD is that DXA BMD measurements are optimized and calibrated to work best for "normal" vertebrae. In the presence of vertebral deformity, the projected area of the vertebral bodies used to compute the areal BMD may not be measured accurately, thereby falsely elevating/lowering the measured BMD. Furthermore, DXA does not provide a complete picture of spinal deformity because it is typically performed only in the lumbar region thereby missing the deformities in the thoracic region. Analyzable vertebrae in DXA often get reduced even further due to artifacts caused by osteophytes and aortic calcifications.
This study highlights the synergistic effect of combining information from multiple modalities for vertebral deformity assessment. Combining MRI-derived mechanical measures with pQCT-derived density values (both obtained from matching distal skeletal regions) via a two-parameter regression model improved prediction of all three vertebral deformity types (adjusted r up to 0.76, p <0.0005) significantly better than individual parameter estimates. This observation indicates that pQCT adds complementary volumetric density information to the regression model that cannot be obtained from conventional MRI involving structure imparted mechanical information provided by MRI-based finite element analysis. Currently, DXA BMD (in grams per square centimeter) is the only imaging-based parameter included in the WHO Normal Osteopenic Osteoporotic Wedge Deformity (%) Biconcavity Deformity (%) Crush Deformity (%) Fig. 5 Comparison of wedge, biconcavity, and crush deformities among normal, osteopenic, and osteoporotic groups defined by the WHO spine BMD criterion showing no significant differences among the three groups Several limitations should be considered alongside the study's findings. First, we defined vertebral fractures using a fracture threshold of three standard deviations below the arithmetic mean of the reference data. It should be noted that variability of vertebral height ratios in the reference cohort used and also measurement error influence the standard deviation and thereby determine the fracture threshold. However, it has been shown that these factors have limited impact on the diagnosis of vertebral fractures using the three standard deviations criterion [56] . Second, although the data suggest that parameters obtained from the distal sites are associated with the vertebral deformities and fractures, the results cannot be extrapolated to predict future vertebral fractures because the study design was cross-sectional. Furthermore, since prevalent vertebral fracture is a risk factor for future vertebral fractures through mechanical coupling of each vertebra, the severity of deformity and number of fractures could have a nonlinear relationship with time.
Although bone's microstructural properties vary throughout the skeleton [57] , measures of bone quality representative of density and strength, quantified at the two distal extremities, were associated with vertebral deformities and fractures to a variable degree in postmenopausal women. Furthermore, the fact that these associations were different for the three deformity types suggest that vertebral fracture patterns have to be considered when assessing vertebral deformities using surrogate measures obtained from other skeletal locations. The association between vertebral deformities and volumetric measures of cortical and trabecular bone derived from distal skeletal imaging (in addition to the bone-quality measures derived from the same distal sites) could potentially provide insight on how aggressively to pursue treatment to reduce future fractures by redefining the intervention thresholds currently based only on BMD and clinical risk factors. Such an approach could be particularly appealing for individuals with osteopenia (more than those with a history of fracture or osteoporosis) because of the current lack of effective criteria for identifying fracture risk [58] while limiting the risks associated with antiresorptive drug therapy. However, this hypothesis requires verification by a large prospective study.
